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Edited by Richard CogdellAbstract The dgd1 mutant of Arabidopsis thaliana provides us
with a powerful tool for revealing the speciﬁc role of digalactosyl-
diacylglycerol (DGDG) in photosynthesis. Blue-native polyacryl-
amide gel electrophoresis analysis revealed that photosystem I
(PSI) subunits are assembled into a PSI complex, and that a
PSI subcomplex lacking stroma side subunits was also present.
PSI subunits in the dgd1 mutant were decreased to a similar level
compared with that in the wild type (WT) Arabidopsis. Further
experiments showed that PSI subunits in the stroma side, PsaD
and PsaE, in the dgd1 mutant were more susceptible to removal
by chaotropic agents than those in the WT plant, indicating that
the stability of PsaD and PsaE is impaired in the dgd1 mutant.
These results provide evidence that DGDG is important for the
stability of the PSI complex.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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In higher plants, four multisubunit protein complexes (pho-
tosystem I (PSI), photosystem II (PSII), ATPase and cyto-
chrome b6f complex) are embedded in the thylakoid
membrane where the primary process of photosynthesis takes
place [1]. A unique feature of the thylakoid membrane is that
glycolipids account for most of the thylakoid lipid composition
[2–4], which is quite diﬀerent from the lipid composition of
other organelles or cytoplasmic membranes, which are com-
posed mainly of glycerol-phospholipids [5]. Four glycerolipids
are present in the thylakoid membrane: monogalactosyld-
iacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG),
phosphatidylglycerol and sulfoquinovosyldiacylglycerol [6].
Speciﬁc interactions between pigment–protein complexes and
lipids have been examined. DGDG and phosphatidylglycerol
are tightly associated with the peripheral light-harvesting chlo-*Corresponding author. Fax: +86 10 82599384.
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entially with PSII reaction center proteins [8]. These lipids are
essential for eﬃcient photosynthetic performance. Addition of
DGDG to isolated DGDG-depleted PSII core complexes stim-
ulates O2 evolution [9]. Addition of both MGDG and DGDG
partially restores PSI activity and likewise, addition of MGDG
restores full ATPase activity [10,11].
The role of individual lipids in the thylakoid membrane has
been explored extensively with genetic approaches. DGDG is
the second most abundant lipid in the thylakoid membrane
[3–5]. The importance of DGDG in photosynthesis may be
examined by studying a mutant model that is deﬁcient in
DGDG, the dgd1 mutant of Arabidopsis thaliana [12–15].
The mutant contains less than 10% of the thylakoid lipid
DGDG that is found in wild type (WT) plants [12]. The mu-
tant shows a modiﬁcation of the water oxidizing complex
[13], a decrease of photosynthetic eﬃciency of PSII [14], and
considerable changes in macromolecular structure of the pho-
tosynthetic apparatus [15]. However, little is known about the
role of DGDG in the assembly and maintenance of PSI.
Higher plant PSI is composed of a core complex and a light-
harvesting complex. The PSI core complex consists of at least
13 diﬀerent subunits, denoted as PsaA through PsaN [16,17].
The three most essential subunits of the PSI core complexes
are PsaA, PsaB and PsaC. These bind all of the essential elec-
tron transfer cofactors. PsaC, PsaD and PsaE are located at
the stromal peripheral side of the thylakoid membrane, which
contains the terminal electron acceptor and the ferredoxin-
docking site. PsaN, a lumenal peripheral protein, and the lu-
menal domain of PsaF form the plastocyanin-docking site.
The other proteins of PSI are integral membrane proteins with
1–3 transmembrane helices. The light-harvesting complex I is
composed of more than four diﬀerent transmembrane sub-
units. In this study we examined the function of DGDG in
the assembly and stability of the PSI complex.2. Materials and methods
2.1. Plant material
A. thaliana ecotype Columbia and the dgd1 mutant were grown in
soil under short day conditions (14-h-light/10-h-dark cycle) with a pho-
ton ﬂux density of 120 lmol m2 s1. The day/night temperature was
controlled at 24/22 C. Only fully expanded rosette leaves of 3–6 week
old plants were used. The leaf number at 6-weeks was 21–22 for the
WT and 11–13 for the dgd1 mutant plants.blished by Elsevier B.V. All rights reserved.
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The leaves were homogenized in an ice-cold isolation buﬀer contain-
ing 400 mM sucrose, 50 mM HEPES–KOH (pH 7.8), 10 mM NaCl,
2 mM MgCl2, with a chilled mortar and pestle and ﬁltrated through
two layers of cheesecloth. The ﬁltrate was centrifuged at 5000 · g for
10 min. The thylakoid pellets were washed with isolation buﬀer, recen-
trifuged, and ﬁnally suspended in isolation buﬀer. The chlorophyll con-
tent was determined spectrophotometrically as described in [18]. The
samples were frozen in liquid nitrogen and stored at 80 C.
PSI complex preparation was performed as described in [19] but was
modiﬁed as in [20]. Thylakoid membranes (1 mg of Chl ml1) were sol-
ubilized for 10 min with 1% dodecyl-b-D-maltoside at 0 C. The sus-
pension was subsequently loaded onto a sucrose gradient. After
centrifugation, the PSI band was collected with a syringe.
2.3. Blue native polyacrylamide gel electrophoresis analysis of thylakoid
membrane protein complexes
Blue native polyacrylamide gel electrophoresis (BN-PAGE) was car-
ried out as described in [21] with the modiﬁcation shown in [22,23]. The
thylakoid membranes were washed in 0.33 M sorbitol, 50 mM BisTris–
HCl (pH 7.0) and suspended in resuspension buﬀer (20% glycerol,
25 mM BisTris–HCl, pH 7.0) at 1.0 mg of Chl ml1. An equal volume
of resuspension buﬀer containing 2% (w/v) dodecyl-b-D-maltoside was
dropped into the thylakoid suspension. After incubation at 4 C for
5 min, insoluble material was removed by centrifugation at 40000 · g
for 10 min. The supernatant was combined with one tenth volume of
5% Serva blue G in 100 mM BisTris–HCl (pH 7.0), 0.5 M 6-amino-
n-caproic acid, 30% (w/v) glycerol, and applied to 0.75-mm-thick
5–13.5% acrylamide gradient gels in a Hoefer Mighty Small vertical
electrophoresis unit connected to a cooling circulator.
For two-dimensional gel analysis, excised BN-PAGE lanes were
soaked in SDS sample buﬀer with 5% b-mercaptoethanol for 30 min
and were layered onto 1-mm-thick 11.5% SDS polyacrylamide gels
containing 6 M urea. For the analysis of protein composition of pro-
tein bands resolved in the BN gel, proteins from speciﬁc bands were
electro-eluted for SDS–PAGE and immunoblot analysis.
2.4. Chaotropic salt extraction of thylakoid membranes
Thylakoid membranes were treated in two ways: (1) For NaSCN
extractions, thylakoid membranes were suspended in isolation buﬀer
at 0.1 mg of Chl ml1 in the presence of the appropriate concentration
of NaSCN on ice for 30 min [24]. (2) For sodium halide treatment, thy-
lakoid membranes at 0.125 mg of Chl ml1 were incubated with 2 M
NaCl, 2 M NaBr, and various concentrations of NaI for 15 min on
ice [25]. After treatment, the membranes were pelleted for 5 min at
5000 · g, quickly washed with isolation buﬀer, and used for SDS–
PAGE and immunoblot analysis.
2.5. SDS–PAGE and immunoblot analysis
Thylakoid proteins were solubilized and separated by SDS–PAGE
[26] using 11.5% (w/v) acrylamide gels containing 6 M urea. Immuno-
blotting analysis was carried out according to [27].
2.6. Lipid analysis
Lipids were extracted according to [28], separated by thin layer chro-
matography, and quantiﬁed by gas chromatography after derivatiza-
tion to fatty acid methyl esters [29].Fig. 1. BN gel analysis of thylakoid membrane protein complexes.
(A) Thylakoid membranes from WT and dgd1 mutant plants were
solubilized with 1% DM and separated by BN gel electrophoresis. The
resolved bands were identiﬁed as monomeric PSI superimposed on the
PSII dimer (I), monomeric PSII (II), CP43 less PSII (III), trimeric (IV)
and monomeric (V) LHCII. The region of the gel that shows the PSI
subcomplex (I 0) was enlarged to the right of the gel. (B) After BN
separation, the strips of WT and dgd1 mutant samples were cut out
and run on the second SDS–PAGE. After SDS–PAGE, the proteins
were immunodetected with speciﬁc antibody against PsaA/B. (C) BN
gel analysis of thylakoid membranes from the leaves of 3-, 4-, 5- and 6-
week-old plants. Thylakoid membranes from WT and dgd1 mutant
plants were solubilized with 1% DM and separated by BN gel
electrophoresis.3. Results
Previous studies have shown dramatic macrostructural
changes in the photosynthetic apparatus of the galactolipid-
deﬁcient dgd1 mutant of Arabidopsis [15]. To reveal structural
alterations of thylakoid membranes in PSI and PSII, chloro-
phyll–protein complexes were solubilized from thylakoid
membranes using dodecyl-b-D-maltoside and separated by
BN-PAGE. After the ﬁrst-dimensional separation in the pres-
ence of Coomassie G-250 dye, ﬁve major chlorophyll–protein
complexes, marked I–V, were revealed (Fig. 1A). The proteinsof thylakoid membrane complexes were identiﬁed in the same
gels by immunoblot analysis ([22]; unpublished data). The re-
solved bands were identiﬁed as monomeric PSI superimposed
on PSII dimer (I), monomeric PSII (II), CP43 less PSII (III),
trimeric (IV) and monomeric (V) LHCII (Fig. 1A).
It is quite clear that the intensity of the PSI band was re-
duced in the dgd1 mutant compared to that in the WT plants.
Moreover, a new band appeared in the dgd1 mutant, which
was clearly resolved in BN gel and marked as I 0 (Fig. 1A).
J. Guo et al. / FEBS Letters 579 (2005) 3619–3624 3621The molecular mass of the new band was less than that of the
PSI and PSII dimer, but larger than that of the monomer of
PSII. To conﬁrm the identity of this new complex in the
dgd1 mutant, the strip resolved by BN gel was cut out, run
in SDS–PAGE and the proteins were identiﬁed with distinct
antibodies. It is interesting to note that the new protein com-
plex contains PsaA/B (Fig. 1B), indicating that the newly in-
duced band could be a PSI-related complex. Based on the
molecular mass and composition of the protein complex, it
was designated a PSI subcomplex. To exclude the possibility
that the detection of this PSI subcomplex was an artifact of
the developmental stage, we isolated the thylakoids from the
leaves of 3-, 4-, 5- and 6-week-old plants and analyzed the pro-
tein complex composition using BN-PAGE (Fig. 1C). It was
clear that the PSI subcomplex resolved by BN-PAGE gel
was observed in the dgd1 mutant at diﬀerent developmental
stages, whereas it was not detected in the WT Arabidopsis at
any stage.
In order to discriminate the protein composition, the
proteins, electro-eluted from the PSI complex and PSI subcom-
plex, were subjected to SDS–PAGE and immunoblot analysis
(Fig. 2A). As expected, protein proﬁles of the PSI complex
and subcomplex were quite similar, though some proteins were
missing in the new band from the dgd1mutant (Fig. 2B). Immu-
noblotting of the same gels with antibodies against PsaA/B,Fig. 2. Identiﬁcation of the composition of the PSI subcomplex in the
dgd1 mutant. (A) A strip of BN gel resolved thylakoid membrane
complex from the dgd1 mutant after BN separation. (B) After BN gel
separation, the speciﬁc bands from the BN strip as indicated in the
ﬁgure were electro-eluted and run on a SDS–PAGE gel and visualized
by Coomassie staining. (C) Immunoblotting analysis of the protein
composition in the intact PSI complex and PSI subcomplex. After
separation of the electro-eluted proteins, immunoblotting with anti-
bodies against PsaA/B, PsaD, PsaE, PsaF, PsaG, PsaH and LHCI was
performed to examine the diﬀerences in protein composition in the
intact PSI complex and the PSI subcomplex.PsaD, PsaF, PsaE, PsaG, PsaH and LHCI revealed that the
PSI subcomplex contained similar amounts of PsaF, PsaG,
PsaH as the intact PSI when equal amounts of PsaA/B were
loaded into the gel. The subunits of PsaD and LHCI were
not detected in the new complex, and the content of PsaE in
the new complex was less than that in the intact PSI complex
(Fig. 2C).
There are two possibilities for the appearance of the PSI sub-
complex in the BN gel. One is that there may be a defect in the
synthesis and accumulation of PSI subunits in the stroma side,
and the other is that there may be a decreased stability of the
PSI complex. To clarify these two possibilities, we ﬁrst exam-
ined the accumulation of a portion of subunits of PSI in the
thylakoid membranes using immunoblot analysis (Fig. 3).
Antibodies against PsaA/B, PsaD, PsaE, PsaF, PsaG, PsaH
and LHCI were used. Based on equal chlorophyll content,
the accumulation of PSI subunits PsaA/B, PsaD, PsaE, PsaF,
PsaH and LHCI were equally reduced in the dgd1mutant com-
pared with the WT plant, though the decrease of PsaG was less
pronounced. This suggests that PSI is diminished in the mu-
tant, which could explain the reduction in the overall activity
of this photosystem and indicates that the detection of the
PSI subcomplex in BN-PAGE is most likely due to impaired
stability of these subunits in the dgd1 mutant rather than im-
paired synthesis and accumulation of a speciﬁc PSI subunit.
To examine the stability of PSI subunits in the dgd1 mutant,
we analyzed the resistance of PSI stroma side proteins, PsaD
and PsaE, to treatment with a chaotropic salt. Thylakoid
membranes were incubated in the presence of 0–2 M NaSCN,
and the remaining fraction of the polypeptide bound to the
membranes after washing was detected by immunoblotting,
as illustrated for WT and dgd1membranes (Fig. 4A). At a con-
centration of 1.5 M NaSCN, more than 50% PsaD was still
bound to the WT membranes, but only 25% remained on the
dgd1 mutant membranes. A similar phenomenon was observed
for the PsaE (Fig. 4A). These results indicate a decreased
stability of the stroma subunits PsaD and PsaE in the dgd1
mutant plant.
When using other chaotropic agents, NaCl, NaBr and NaI,
similar results were obtained (Fig. 4B). PsaD was not removed
from either the WT or the dgd1 mutant membrane by 2 M
NaCl. And only a small amount of PsaD was removed by
2 M NaBr from the dgd1mutant membrane only. The stronger
chaotropic agent, NaI, showed a remarkably diﬀerent eﬀect on
the removal of PsaD in WT versus mutant membranes (Fig.
4B). In general, PsaD and PsaE were more susceptible to re-
moval in the dgd1 mutant membranes than that in the WT
membranes.
The dgd1 mutant contains less than 10% of the thylakoid li-
pid DGDG than that in the WT plant. We further isolated PSI
through sucrose gradient centrifugation and examined the
DGDG content retained by the PSI complex in the dgd1
mutant. The DGDG retained by PSI was reduced in the
dgd1 mutant to approximately 75% of that in the WT plant.4. Discussion
The galactolipid DGDG accounts for approximately 20% of
all thylakoid acyl lipids [3]. The dgd1 mutant of A. thaliana
provides a tool to examine the speciﬁc role of DGDG in diﬀer-
ent aspects of photosynthesis. Here we show that PSI subunits
Fig. 3. Immunoblotting analysis of thylakoid membrane proteins of PSI in leaves from WT and dgd1 mutant Arabidopsis. Thylakoid membranes
from WT and dgd1 mutant plants were separated by SDS–PAGE and immunodetected with antibodies against thylakoid membrane proteins of PSI,
including PsaA/B, PsaD, PsaE, PsaF, PsaG, PsaH and LHCI. A standard equal amount of chlorophyll (10 lg) or a dilution of the standard was
loaded for SDS–PAGE of WT. Left. Immunoblots. Right. Quantiﬁcation of intensity of immunblots. The relative intensity of the WT was set as
100%.
Fig. 4. Resistance of PSI stroma side subunits to treatment with
chaotropic salts. (A) Thylakoid membranes from the WT and the dgd1
mutant were treated with various concentration of NaSCN (0, 0.5, 1.0,
1.5 and 2.0 M) for 30 min at 0 C. After treatment, the proteins were
separated and the blots were probed with the antibodies against PsaD
or PsaE. (B) Thylakoid membranes from the WT and the dgd1 mutant
were treated with 2 M NaCl, 2 M NaBr, and diﬀerent concentrations
of NaI (1, 2, 3 and 4 M) for 15 min on ice. An antibody against PsaD
was used for immunoblotting analysis. Left. Immunoblots. Right.
Quantiﬁcation of intensity of immunoblots. The relative intensity of
the sample without treatment was set as 100%.
3622 J. Guo et al. / FEBS Letters 579 (2005) 3619–3624accumulated to a similar level in the DGDG deﬁcient mutant
and assembled into a PSI complex with reduced stability.
These results suggest that DGDG is important for the stability
of the PSI complex.
Previous studies have revealed dramatic changes in PSII in
this mutant, including the modiﬁcation of water oxidation,
the decrease of quantum yield and macrostructural alteration
[12–15]. PSII reaction center proteins and the inner LHCs of
PSI and PSII were less abundant in the dgd1 mutant, whereas
the peripheral LHCII apoproteins accumulated to higher
amounts [15]. Our results showed that the accumulation of
PSI subunits decreased in the dgd1 mutant of Arabidopsis
(Fig. 3). 77 K ﬂuorescence emission spectra of thylakoid mem-
branes showed a slight blue shift of the PSI emission maximum
from 730 to 727 nm and an increase in the magnitude of ﬂuo-
rescence emission at 685 and 698 nm, respectively [15]. The
blue shift of PSI emission can be best interpreted as reﬂecting
a perturbation of PSI electron transfer from LHCI antennae to
PSI reaction [30,31]. Direct analysis of the structural organiza-
tion of thylakoid membrane PSI and PSII, with BN gel electro-
phoresis showed that these proteins are assembled into protein
complexes (Fig. 1). Analysis of the PSI complex by BN gel re-
vealed a decrease of intact PSI complex in the dgd1mutant and
concomitantly the appearance of a PSI subcomplex, which was
not detected in the WT sample (Fig. 1). Analysis of the PSI
subcomplex revealed that it contains less stroma side protein
PsaE and lacks the stromal subunit PsaD as well as multiple
transmembrane LHCI proteins as compared with the intact
PSI complex (Fig. 2). Immunoblot analysis showed that PSI
subunits were similarly reduced in the mutant. Thus the de-
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subcomplex resolved by BN-gel analysis of the dgd1 mutant
plant. Investigation of the stability of PSI subunits in stromal
side (PsaD and PsaE) revealed that the stability of PsaD and
PsaE in the dgd1 mutant decreased much more than that in
the WT upon the treatment by chaotropic salts (Fig. 4). This
stability appears to be limited by the reduced amount of
DGDG present in the membrane.
Analysis of PSI crystal structure from a thermophilic cyano-
bacterium showed four lipids of three PGs and one MGDG
[32]. Recently, there was a structure from the LHCI–PSI
supercomplex from pea at 4.4 A˚ resolution [33]. The resolution
of the plant PSI structure was not suﬃcient to resolve lipids,
i.e., there exist no structural knowledge of the content and
structural position of any lipids in plant PSI. Cyanobacteria
and especially thermophilic cyanobacteria have a lipid compo-
sition which diﬀers signiﬁcantly from plants, thus two possibil-
ities might exist. One of the four lipids identiﬁed in
cyanobacteria to be PG or MDGD is DGDG in plants. It
would be especially interesting if the MDGD is replaced by
DGDG in plants as the cyanobacterial structure shows interac-
tions of the head group of MDGD with PsaD, the subunit
which is missing in the dgd1 mutant. The other possibility is
that special lipids as DGDG are essential for the interaction
of the monomeric PSI core with the LHCI. There are no LHCI
complexes in cyanobacteria, so this might be a function, which
is unique in plants. The crystal structure of the pea PSI has
plenty of ‘‘empty’’ space at the PSI–LHCI interface where
these speciﬁc lipids may be located.
The decreased stability of the most abundant pigment pro-
tein complex, LHCII, during electrophoresis suggests that the
remaining lipids in the dgd1 mutant can only partially substi-
tute for the interaction of DGDG with the pigment protein
complexes of the photosynthetic apparatus [15]. Analysis of li-
pid composition showed that there is about one DGDG mol-
ecule per PSI in the WT Arabidopsis and that about 75% of
DGDG was retained in the PSI complex of the dgd1 mutant.
Our results clearly demonstrated that DGDG plays an
essential role in maintaining the stability of the PSI protein
complex.
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